Introduction
============

Both genetic and epigenetic alterations play critical roles in the initiation and progression of carcinogenesis. Compared to genetic defects, epigenetic modifications are more dynamic and therefore more influenced by the environment (e.g., lifestyle, dietary factors) ([@b1-or-43-03-0827],[@b2-or-43-03-0827]). DNA methylation is among the most studied epigenetic mechanisms. It involves the addition of a methyl (CH~3~) group to the cytosine in the CpG dinucleotide, resulting in the formation of 5-methylcytosine. This process is catalyzed by the DNA methyltransferase (DNMT) family of enzymes: DNMT1, DNMT3a and DNMT3b. DNMT1 is a maintenance enzyme that guards existing methylated sites through its preference for hemimethylated DNA ([@b3-or-43-03-0827]). DNMT3a and DNMT3b are *de novo* methyltransferases responsible for establishing DNA methylation patterns during embryogenesis. Any defects in DNMTs will induce imbalances in DNA modification, resulting in genomic instability and gene dysregulation ([@b4-or-43-03-0827],[@b5-or-43-03-0827]).

However, DNA demethylation involves the hydroxylation of 5-methylcytosine to 5-hydroxymethylcytosine ([@b6-or-43-03-0827],[@b7-or-43-03-0827]). It is mediated by the ten-eleven translocation (TET) family of proteins: TET1, TET2 and TET3 ([@b8-or-43-03-0827]). TET1 is a maintenance DNA demethylase enzyme that protects against aberrant demethylation ([@b9-or-43-03-0827]). It acts both as a tumor suppressor preventing cell proliferation and tumor metastasis and as an oncogene contributing to aberrant hypomethylation. The delicate balance between DNA methylation and demethylation is known to be regulated by a specific class of microRNAs, termed epi-miRNAs, which target both families of epigenetic enzymes DNMTs and TETs ([@b10-or-43-03-0827]).

MicroRNAs (miRs) are short non-coding RNAs that are a novel class of cancer-relevant molecules. The miR-29 family, which consists of miR-29a, miR-29b, and miR-29c, is abnormally expressed in multiple cancers ([@b10-or-43-03-0827]). miR-29b is the most highly expressed family member. It is classified as an epi-miRNA, regulating the balance between DNA methylation and demethylation as a regulator for TET1 and DNMTs ([@b10-or-43-03-0827],[@b11-or-43-03-0827]). In breast cancer, miR-29b has been reported to be both a suppressor and a promoter of proliferation and metastasis through its regulation of the TET1 gene ([@b12-or-43-03-0827],[@b13-or-43-03-0827]).

The *BRCA1* gene is a critical DNA repair-related gene that plays an essential role in the mechanisms of DNA repair, cell cycle checkpoints, and transcription. Cells lacking BRCA1 protein are susceptible to mutations and genomic instability, which can lead to early carcinogenesis. The pathogenic germline mutations of the *BRCA1* gene are highly associated with familial breast cancers. However, loss-of-function in *BRCA1* resulting from aberrant promoter methylation is associated with sporadic breast cancer. *BRCA1* promoter methylation has been detected in DNA extracted from white blood cells (WBCs). Several studies have shown that constitutional *BRCA1* promoter methylation is linked to a high risk of developing early-onset breast and ovarian cancers ([@b14-or-43-03-0827]--[@b19-or-43-03-0827]). The promoter region of the *BRCA1* gene contains 30 CpG sites covering the area from −567 to +44 relative to the transcription start site ([@b20-or-43-03-0827]). This area includes the binding sites of several transcription factors, including SP1, E2F and CTCF. The binding of these factors to the *BRCA1* promoter keeps the promoter in a methylation-free state ([@b21-or-43-03-0827],[@b22-or-43-03-0827]). The CTCF and E2F factors are enriched at the unmethylated *BRCA1* promoter, such as in MCF-7, but not at the methylated promoter in UACC-3199 and HCC-38 cells ([@b22-or-43-03-0827]).

γ synuclein is a member of the synuclein family of proteins. It is encoded by the gene *SNCG*, which is also known as breast cancer-specific gene 1 (*BCSG1*) ([@b23-or-43-03-0827]). This gene is a proto-oncogene that is highly expressed in stages III and IV of breast ductal carcinomas but not in normal breast tissues. The expression of *SNCG* in the primary breast tumor is associated with metastasis and reduced disease-free survival (DFS) ([@b24-or-43-03-0827]). Exon 1 of *SNCG* contains 15 CpG sites covering the region from −169 to +81 relative to the translation start codon. The demethylation of these CpG sites is responsible for the aberrant expression of *SNCG* in breast carcinomas ([@b25-or-43-03-0827]). The inhibition of *SNCG* reverses the malignant phenotype of the highly *SNCG*-hypomethylated cell line T47D ([@b26-or-43-03-0827]).

One of the main differences between genetic and epigenetic alterations is the reversibility of the latter process. Accordingly, restoration of the function of defective tumor-suppressor genes and suppression of constitutively activate oncogenes is an attractive clinical option for the prevention and treatment of cancer. Although synthetic demethylating agents, such as 5-azacytidine and 5-aza-2′-deoxycytidine, are effective DNA methylation inhibitors, they have unselective demethylation effects that can lead to the activation of silenced pro-oncogenes. Notably, no DNA methylation inducers have hitherto been identified.

Curcumin is the active component of the herb *Curcuma longa*. It is believed to have chemopreventive and chemotherapeutic properties. Several studies have shown that this herb can exert anticancer effects, on breast cancer in particular, by targeting various signaling pathways ([@b27-or-43-03-0827]). Furthermore, it has been reported that curcumin can function as a DNA methylation inhibitor in breast cancer cells ([@b28-or-43-03-0827]--[@b32-or-43-03-0827]). Nevertheless, curcumin\'s potential as a DNA methylation inducer remains to be fully explored. In the present study, we attempted to evaluate the potential of curcumin molecules to restore normal DNA methylation and gene expression patterns to the *BRCA1* and *SNCG* genes in breast cancer cells.

Materials and methods
=====================

### Cell culture and treatment

The HCC-38, UACC-3199, and T47D breast cancer cell lines were purchased from the American Type Culture Collection (ATCC). The cells were tested for mycoplasma. The cells were cultured in RPMI-1640 media supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. The supplements were obtained from Gibco/Life Technologies (Thermo Fisher Scientific, Inc.). The cells were treated with 5 and 10 µM curcumin (Sigma-Aldrich; Merck KGaA) when they reached 40--60% confluence and incubated in a humidified atmosphere at 37°C and 5% CO~2~ for 6 days. The HCC-38 and UACC-3199 cells were treated with 5 µM 5-aza-2′-deoxycytidine (5′-aza-CDR) (Sigma-Aldrich; Merck KGaA) when they reached 70% confluence and were incubated at 37°C for 48 h. The cells were then collected for DNA, RNA and protein extraction.

### Cell proliferation

The cells were treated with 5 and 10 µM of curcumin for 3 days, after which they were re-seeded at a density of 5,000 cells/E-16 plate and re-incubated with the same doses of curcumin for a further 3 days. The proliferation rate was measured using the RTCA-DP xCELLigence system (Roche-Germany). The cell index represents the cell status based on the measured electrical impendence change divided by a background value.

### Methylation-specific PCR

Approximately 2 µg of DNA was treated with sodium bisulfate and purified using the EpiTect Bisulfite kit (Qiagen, Inc.) in accordance with the manufacturer\'s recommendations. The DNA was then amplified using published PCR primers for *BRCA1* and *SNCG* ([@b33-or-43-03-0827],[@b34-or-43-03-0827]) that distinguish between methylated and unmethylated DNA. PCR products were electrophoresed on 2% agarose gels and stained with ethidium bromide. Totally methylated bisulfite-treated DNA was used as a positive control. All PCR reactions were repeated at least twice.

### Bisulfite pyrosequencing

Bisulfite pyrosequencing was used for DNA methylation quantification. Five different assays ([@b35-or-43-03-0827]) were used to assess the methylation status of 23 CpG sites across the *BRCA1* promoter. The PCR and pyrosequencing reactions were performed using PyroMark products and reagents (Qiagen, Inc.), as previously described ([@b36-or-43-03-0827]). Methylation quantification was performed using PyroMark Q24 software (Qiagen, Inc.).

### Real-time PCR

Superscript III (Invitrogen; Thermo Fisher Scientific, Inc.) reverse transcriptase and random hexamers were used for cDNA synthesis. Quantitative real-time PCR was then performed using primers specific to *BRCA1, SNCG*, and TET1 transcripts, using GAPDH as an internal control. Primers are listed in [Table I](#tI-or-43-03-0827){ref-type="table"}. PCR was performed with SYBR Green using the CFX96 Real-Time system (Bio-Rad Laboratories, Inc.). For miR-29b, qPCR was performed using the stem-loop reverse transcription primer, and the TaqMan microRNA reverse transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). U6 snRNA was used for normalization. The relative gene expression was calculated based on the threshold cycle (Ct) value using the 2^−ΔΔCq^ method ([@b37-or-43-03-0827]). The fold change of mRNA expression was performed relative to DMSO-treated cells.

### Western blot analysis

Protein was extracted from the cells using RIPA lysis buffer (R0278; Sigma-Aldrich; Merck KGaA). Bradford method was used for protein quantification. Protein (50 µg) was subjected to 10 and 12% SDS-PAGE and then transferred to PVDF membranes. After blocking at room temperature with 5% non-fat milk for 1 h, the membranes were incubated at 4°C overnight with primary antibodies (dilution 1:1,000), BRCA1 (ab9141), SNCG (ab55424), TET1 (Ab156993), DNMT3a (Ab13888) and DNMT3b (Ab2851) (purchased from Abcam); DNMT1 (D63A6) and GAPDH (purchased from Cell Signaling Technology, Inc.). The membranes were visualized using ECL Detection reagents (Pierce; Thermo Fisher Scientific, Inc.). Images were visualized using a LAS-4000 Imager (Fujifilm). Band quantification was carried out using the GelQuant.NET program (version 1.8.2; Biochem Lab Solutions).

### Statistical analysis

For gene expression levels, statistical analysis was performed using Single Factor ANOVA and Tukey\'s multiple comparisons test (GraphPad Prism version 8.3; GraphPad Software, Inc.) to determine the statistical significance between multiple-dose curcumin-treated and untreated cells. Student\'s t-test was used to determine the statistical significance between single dose curcumin-treated and untreated cells. All observed differences were considered significant when associated with P-values \<0.05.

Results
=======

### Curcumin suppresses the proliferation of HCC-38, UACC-3199, and T47D cell lines

In the present study, we used three breast cancer cell lines, HCC-38 and UACC-3199, which are highly *BRCA1*-hypermethylated cell lines ([@b22-or-43-03-0827]), and T47D, which is a highly *SNCG*-hypomethylated cell line. HCC-38 is a triple-negative breast cancer (TNBC) cell line, UACC-3199 is estrogen receptor-negative/progesterone receptor-negative (ER^−^/PR^−^), and T47D is ER^+^/PR^+^. Based on previous studies ([@b29-or-43-03-0827],[@b30-or-43-03-0827],[@b38-or-43-03-0827],[@b39-or-43-03-0827]), we treated the cells with 5 and 10 µM of curcumin. To investigate the effect of these curcumin concentrations on cell proliferation, we monitored cell proliferation in the presence of curcumin over a total period of 6 days. First, we treated the cells with curcumin for 72 h. Real-time cell proliferation was then monitored over a further 72 h in the presence of curcumin using the xCELLigence system E-Plate. Although curcumin reduced the proliferation of HCC-38 and UACC-3199 cells in a dose-independent manner, the proliferation of T47D cells was dose-dependently inhibited compared to the control ([Fig. 1](#f1-or-43-03-0827){ref-type="fig"}). These results demonstrated that curcumin influenced the proliferation of all three cell lines studied.

### Curcumin increases the mRNA and protein levels of BRCA1 in HCC-38 and UACC-3199 cells by reducing promoter methylation

The reactivation of silenced tumor-suppressor genes is an attractive clinical option for the prevention and treatment of cancer. Epigenetic silencing of *BRCA1* by promoter hypermethylation results in the low expression of *BRCA1* mRNA and BRCA1 protein in sporadic breast cancer. To ascertain whether curcumin can re-express *BRCA1* in HCC-38 and UACC-3199 cell lines, the cells were treated with 5 and 10 µM of curcumin for 6 days. Notably, curcumin increased the level of *BRCA1* mRNA up to 2-fold in both cell lines in a dose-dependent manner ([Fig. 2A and B](#f2-or-43-03-0827){ref-type="fig"}). Additionally, a consequent high increase was observed in the level of BRCA1 protein ([Fig. 2C and D](#f2-or-43-03-0827){ref-type="fig"}). Then, we evaluated whether curcumin-induced *BRCA1* re-expression is associated with the hypomethylation of its promoter. To this end, we assessed the status of *BRCA1* promoter methylation in curcumin-treated HCC-38 and UACC-3199 cells using the methylation-specific PCR (MSP) assay. As shown in [Fig. 2F and G](#f2-or-43-03-0827){ref-type="fig"}, the intensity of the methylated band was reduced in the curcumin-treated cells, compared to the control. As further verification of the hypomethylation of the *BRCA1* promoter, the promoter region spanning six CpG sites (+8, +14, +16, +19, +27 and +44, in which the reverse MSP primer is located) ([Fig. 3A](#f3-or-43-03-0827){ref-type="fig"}) was analyzed using pyrosequencing. As shown in [Fig. 2H and I](#f2-or-43-03-0827){ref-type="fig"}, the levels of methylation at +27 and +44 CpG sites were reduced in the curcumin-treated cells, compared to the control. These results suggest that the re-expression of *BRCA1* in curcumin-treated cells may be associated with the partial hypomethylation of the *BRCA1* promoter. Next, we investigated whether the re-expression of the BRCA1 protein is transient or persistent. To this end, curcumin-treated HCC-38 cells were grown in curcumin-free media for a further 10 days, with the media changed every 5 days. Interestingly, BRCA1 protein continued to be highly expressed in the curcumin-free medium, compared to the control, indicating a persistent effect of curcumin ([Fig. 2E](#f2-or-43-03-0827){ref-type="fig"}). Next, to compare the demethylating effect of curcumin to that of the demethylating agent 5′-aza-CdR, we treated the two cell lines with 5 µM 5′-aza-CdR for 48 h. Notably, 5′-aza-CdR was able to re-express *BRCA1* mRNA and BRCA1 protein only in UACC-3199 ([Fig. 2K and M](#f2-or-43-03-0827){ref-type="fig"}) and not in HCC-38 cells ([Fig. 2J](#f2-or-43-03-0827){ref-type="fig"}). Intriguingly, the expression of BRCA1 protein was reduced in 5′-aza-CdR-treated HCC-38 cells ([Fig. 2L](#f2-or-43-03-0827){ref-type="fig"}).

### Curcumin and not 5′-aza-CDR induces demethylation of the −379 CpG site in the BRCA1 promoter in the HCC-38 cells

To investigate the difference between the effect of curcumin and 5′-aza-CdR on the re-expression of *BRCA1* in the HCC-38 cells, we studied the methylation status of 23 CpG sites located in the *BRCA1* promoter region ([Fig. 3A](#f3-or-43-03-0827){ref-type="fig"}) by sodium bisulfite pyrosequencing in curcumin-treated cells as compared to 5′-aza-CDR. We found that the CpG site located at −379 was 100% methylated. In comparison to the control, the methylation level of this CpG site was reduced by 12% in curcumin-treated cells, while in 5′-aza-CdR-treated cells, the methylation level was only reduced by 1% ([Fig. 3B and C](#f3-or-43-03-0827){ref-type="fig"}). These results suggest that the methylation of the −379 CpG site is instrumental in controlling the expression of *BRCA1* in the HCC-38 cell line. Notably, the −379 CpG site was partially methylated (56%) in the UACC-3199 cells, and the methylation level was only reduced by 2% in the curcumin-treated cells, compared to the control ([Fig. 3D](#f3-or-43-03-0827){ref-type="fig"}). Interestingly, we found also that the level of methylation at the +27 CpG site was increased by 13% in 5′-aza-CdR-treated HCC-38 cells, compared to the control ([Fig. 3E](#f3-or-43-03-0827){ref-type="fig"}).

### Curcumin downregulates the expression of DNMT1 and upregulates TET1 and DNMT3 in HCC-38 cells

DNMTs and TETs are epigenetic enzyme families responsible for the regulation of DNA methylation and demethylation, respectively. It has been reported that TET1 acts both as a tumor suppressor, reducing breast tumor development through demethylating essential genes ([@b13-or-43-03-0827]), and as an oncogene, leading to hypomethylation and activation of oncogenic pathways ([@b8-or-43-03-0827]). However, it has been demonstrated that curcumin re-activates methylated tumor-suppressor genes by downregulating the protein level of DNMT1 ([@b30-or-43-03-0827]). To investigate which enzyme participates in the curcumin-induced hypomethylation of the *BRCA1* promoter in HCC-38 cells, the mRNA and protein levels of TET1, DNMT1, DNMT3a and DNMT3b were analyzed by real-time RT-PCR and immunoblotting in curcumin-treated cells and compared to those of the 5′-aza-CdR-treated cells. Notably, while curcumin reduced the level of DNMT1 protein, it increased TET1 mRNA and TET1 protein in addition to the protein levels of DNMT3a and DNMT3b, compared to the control ([Fig. 4A-E](#f4-or-43-03-0827){ref-type="fig"}). However, in 5′-aza-CdR-treated cells, the TET1 mRNA and TET1 protein levels were decreased while DNMT1 protein was depleted ([Fig. 4F-H](#f4-or-43-03-0827){ref-type="fig"}). These results suggest that curcumin-induced hypomethylation of the *BRCA1* promoter in HCC-38 cells may be achieved through the upregulation of TET1.

### Curcumin downregulates miR-29b in HCC-38 cells

It has been reported that TET1 is a target of miR-29b ([@b13-or-43-03-0827]). To investigate whether the expression of TET1 in HCC-38 cells could be regulated by miR-29b, we analyzed the expression levels of miR-29b by real-time RT-PCR in curcumin- and 5′-aza-CdR-treated cells. Compared to the control, miR-29b was elevated in the 5′-aza-CdR-treated HCC-38 cells ([Fig. 4I](#f4-or-43-03-0827){ref-type="fig"}), and significantly reduced in the curcumin-treated HCC-38 cells ([Fig. 4J](#f4-or-43-03-0827){ref-type="fig"}). These results revealed a reverse expression pattern of miR-29b and TET1 in cells that had been treated with curcumin or 5′-aza-CdR, suggesting that TET1 may be controlled by miR-29b. To support this result, we evaluated the basal expression levels of TET1 and miR-29b in control HCC-38 cells. Interestingly, we found that the basal expression of miR-29b was significantly higher than that of TET1 ([Fig. 4K](#f4-or-43-03-0827){ref-type="fig"}), revealing the possible involvement of miR-29b in the regulation of TET1 in the HCC-38 cell line.

### Curcumin decreases the mRNA and protein levels of SNCG in T47D and HCC-38 cells by inducing promoter methylation

The deactivation of an active oncogene is the other side of the coin for cancer treatments. Epigenetic activation of *SNCG* by promoter hypomethylation results in the high expression of *SNCG* mRNA and SNCG protein in breast and ovarian cancers ([@b40-or-43-03-0827]). To ascertain whether curcumin can deactivate *SNCG* in the highly *SNCG*-hypomethylated cell line T47D, the cells were treated with 5 and 10 µM curcumin for 6 days. As shown in [Fig. 5A](#f5-or-43-03-0827){ref-type="fig"}, curcumin decreased the level of *SNCG* mRNA down to 2-fold in a dose-dependent manner. Additionally, a reduction was observed in the level of SNCG protein ([Fig. 5B](#f5-or-43-03-0827){ref-type="fig"}). Then, we evaluated whether the curcumin-induced reduction of *SNCG* is associated with the hypermethylation of its promoter. To this end, we assessed the methylation status of the *SNCG* promoter in curcumin-treated T47D cells using the MSP assay. As [Fig. 5D](#f5-or-43-03-0827){ref-type="fig"} illustrates, a high increase was noted in the intensity of the methylated band with a decrease in that of the unmethylated band, compared to the control. These results suggest that the decreased expression of *SNCG* in curcumin-treated T47D cells is associated with the hypermethylation of the *SNCG* promoter. Next, we assessed whether the reduction of SNCG protein in curcumin-treated cells is transient or persistent. To this end, the growth of curcumin-treated T47D cells in curcumin-free media was continued for a further 10 days, with the media changed every 5 days. Importantly, as [Fig. 5C](#f5-or-43-03-0827){ref-type="fig"} illustrates, low expression of SNCG protein continued in the curcumin-free medium, compared to the control, indicating that curcumin had a sustained effect. Next, to ascertain whether curcumin can deactivate *SNCG* in the HCC-38 cell line, we measured the expression of SNCG in the curcumin-treated HCC-38 cells. In addition to re-expressing BRCA1 in HCC-38, curcumin also decreased *SNCG* mRNA and SNCG protein down to 2-fold, with the 10 µM dose ([Fig. 5E and F](#f5-or-43-03-0827){ref-type="fig"}). These results demonstrate that curcumin has opposing roles in DNA methylation in the same cell line.

### Curcumin downregulates the expression of DNMT1 and TET1 and upregulates DNMT3 in T47D cells

Next, we sought to investigate which enzyme is responsible for the curcumin-induced hypermethylation of the *SNCG* promoter. To this end, we analyzed the expression levels of TET1, DNMT1, DNMT3a, and DNMT3b by real-time RT-PCR and immunoblotting in curcumin-treated T47D cells. In comparison to the controls, curcumin reduced the expression of TET1 and DNMT1 ([Fig. 6A and B](#f6-or-43-03-0827){ref-type="fig"}) and elevated that of DNMT3a and DNMT3b ([Fig. 6B and C](#f6-or-43-03-0827){ref-type="fig"}). These results suggest that both TET1 and DNMT3 may be involved in the curcumin-induced hypermethylation of the *SNCG* promoter in T47D cells.

### Curcumin upregulates miR-29b in T47D cells

To determine whether miR-29b could regulate the expression of TET1 in curcumin-treated T47D cells, we analyzed the expression level of miR-29b by real-time RT-PCR in curcumin-treated cells. In contrast to the curcumin-treated HCC-38 cells, the expression of miR-29b was significantly elevated in the T47D cells ([Fig. 6D](#f6-or-43-03-0827){ref-type="fig"}). However, these results revealed a reverse expression pattern of miR-29b and TET1 in the curcumin-treated T47D cells, suggesting that TET1 may be a target of miR-29b in these cells. To support this result, we evaluated the basal expression levels of TET1 and miR-29b in control T47D cells. In contrast to the HCC-38 cells, we found that the basal expression of miR-29b was significantly lower than that of TET1 ([Fig. 6E](#f6-or-43-03-0827){ref-type="fig"}), also revealing the possible involvement of miR-29b in the regulation of TET1 in T47D cells.

Discussion
==========

In the present study, it was demonstrated that curcumin exhibits contradictory functions in regards to DNA methylation, demethylation and re-expression of the tumor-suppressor gene BRCA1 DNA repair associated (*BRCA1*), as well as the methylation and suppression of the expression of oncogene γ synuclein (*SNCG*) in breast cancer cells. We also found that curcumin is a potent inhibitor of cell proliferation. This result is consistent with a previous study that demonstrated that curcumin is a potent growth inhibitor of various breast cancer cell lines ([@b41-or-43-03-0827]). Previous studies have found that *BRCA1* deficiency and the aberrant expression of *SNCG* enhance the proliferation of cancer cells ([@b42-or-43-03-0827]--[@b44-or-43-03-0827]) and that the restoration of normal expression patterns to these two genes reduces cell proliferation. In the present study, the re-expression of *BRCA1* in HCC-38 and UACC-3199 cells and the suppression of *SNCG* in T47D may have been one mechanism by which curcumin influenced the inhibition of cell proliferation in the three cell lines.

Both curcumin and 5′-aza-CdR demethylated and re-activated *BRCA1* in the UACC-3199 cell line. Remarkably, in HCC-38 cells, only curcumin re-activated *BRCA1*, while 5′-aza-CdR did not. We may attribute this to curcumin\'s ability to reduce the methylation status of the −379 CpG site in the *BRCA1* promoter region. This site flanks the binding site of the CTCF transcription factor in the *BRCA1* promoter. It has been reported that CTCF binds to the unmethylated *BRCA1* promoter simply to function as an insulator, maintaining the *BRCA1* promoter region in a methylation-free state ([@b21-or-43-03-0827],[@b22-or-43-03-0827]). The binding of this transcription factor was found to be affected by the methylation status of the flanking CpG sites (−440 and −379) ([@b22-or-43-03-0827]). Hence, it is plausible that the partial demethylation of the −379 CpG site in the curcumin-treated HCC-38 cells increases the promoter\'s accessibility to CTCF leading to the re-expression of BRCA1. Notably, the −379 CpG site was not affected by 5′-aza-CdR in either cell line, HCC-38 or UACC-3199. Furthermore, it has been reported that only E2F1, and not CTCF, was enriched in 5′-aza-CdR-treated UACC-3199 cells ([@b22-or-43-03-0827]). However, further studies are needed to verify this claim. Remarkably, it has been reported that zebularine (another demethylating agent) and the non-nucleoside demethylation drugs EGCG and procaine were also unable to restore the *BRCA1* gene expression in HCC-38 cells ([@b22-or-43-03-0827]). Intriguingly, treating the HCC-38 cells with 5′-aza-CdR downregulated the expression of BRCA1. Our findings are consistent with those of a previous study, which demonstrated that the expression of *BRCA1* mRNA was reduced by 30--40% in 5′-aza-CdR-treated HCC-38 cells, compared to the control ([@b22-or-43-03-0827]).

Previous studies have shown that curcumin demethylates hypermethylated genes by inhibiting DNA methyltransferases (DNMTs) ([@b29-or-43-03-0827],[@b30-or-43-03-0827]). In the present study, we found that, while DNMT1 expression was downregulated in the curcumin-treated HCC-38 cells, DNMT3a and DNMT3b were upregulated. This result suggests that the re-expression of BRCA1 in HCC-38 may not result from the modulation of DNMTs. This suggestion is supported by the fact that 5′-aza-CdR failed to re-express BRCA1 in HCC-38 despite the depletion of DNMTs, indicating that another mechanism is involved in the re-expression of BRCA1. Indeed, we found that TET1 was upregulated in the curcumin-treated cells, which may indicate its involvement in the re-expression of BRCA1. This is supported by the fact that in gastric cancer cells, TET1 binds to the hypermethylated PTEN and re-activates its transcription through the demethylation of its promoter ([@b45-or-43-03-0827]). Furthermore, it has been suggested that the decreased expression of TET1 may induce aberrant DNA methylation ([@b46-or-43-03-0827]). Indeed, we observed an increase in the level of methylation at the +27 CpG site. This finding may explain the further reduction of the expression of BRCA1 protein in the 5′-aza-CdR-treated cells, as TET1 was downregulated in these cells.

The fact that curcumin exerts an effect on both epigenetic enzyme families DNMTs and TETs suggest that curcumin plays contradictory roles in the control of DNA methylation status. Indeed, we found that curcumin could induce methylation to the hypomethylated *SNCG* promoter in the breast cancer cell lines T47D and HCC-38 with a corresponding decrease in its mRNA and protein expression levels. To the best of our knowledge, our study is the first to demonstrate the methylation-inducing properties of curcumin in breast cancer cell lines. However, with regard to multiple myeloma cells, it has recently been reported that curcumin-induced promoter methylation to the mTOR gene was associated with a corresponding downregulation of its expression. The authors suggested that curcumin-induced hypermethylation of mTOR may be associated with the upregulation of DNMT3a and DNMT3b ([@b47-or-43-03-0827]). Here, we found that curcumin downregulated TET1 in T47D and upregulated DNMT3a and DNMT3b in T47D and HCC-38 cells. This suggests that the curcumin-induced hypermethylation of *SNCG* may be associated with the upregulation of DNMT3. Interestingly, it has been reported that, in *SNCG*-positive lung cancer cells H292 endogenous overexpression of DNMT3b, but not of DNMT3a or DNMT1, suppressed SNCG expression by inducing DNA methylation of the *SNCG* CpG island ([@b48-or-43-03-0827]). However, the possibility that the curcumin-induced hypermethylation of *SNCG* may be achieved through the downregulation of TET1 cannot be excluded. This is supported by the finding that the activation of the oncogenic pathway in breast and ovarian cancers is TET1 overexpression-dependent and that the deletion of TET1 attenuated the effect of the oncogenic pathway ([@b8-or-43-03-0827]). Thus, it is plausible that the curcumin-induced hypermethylation of *SNCG* in breast cancer cells may be achieved through the downregulation of TET1. However, further studies are needed to clarify the exact mechanisms of this process.

miR-29b is an epi-miRNA, being a regulator for DNMTs and TETs by direct inhibition of these enzymes ([@b49-or-43-03-0827]). Thus, it has been suggested that miR-29b may act as a stabilizer of DNA methylation, balancing between methylation and demethylation ([@b10-or-43-03-0827]). Notably, it has been shown that curcumin re-expressed PTEN in hepatic stellate cells by downregulating DNMT3b through the upregulation of miR-29b ([@b31-or-43-03-0827]). However, miR-29b has also been shown to affect breast cancer proliferation and metastasis by targeting TET1 ([@b12-or-43-03-0827],[@b13-or-43-03-0827]). Here, we found that curcumin appears to re-express BRCA1 and suppress SNCG in HCC-38 cells by upregulating TET1 and DNMT3, respectively, which may be realized through the downregulation of miR-29b. However, in T47D cells, curcumin appears to suppress SNCG by downregulating TET1, which may be realized through the upregulation of miR-29b and the upregulation of DNMT3, which may be achieved through another miRNA ([Fig. 7](#f7-or-43-03-0827){ref-type="fig"} summarizes the results).

Overall, our data suggest that curcumin may act as a stabilizer of DNA methylation balancing between methylation and demethylation by regulating TET1 and DNMT3, which may be achieved through the modulation of miR-29b. However, further studies are needed to confirm the direct role of miR-29b in this epigenetic regulation.

In conclusion, in the present study, we demonstrated that curcumin performs a dual function in DNA methylation. As curcumin is an activator for the hypermethylated *BRCA1* promoter, we, therefore, believe that it holds the potential to be an effective therapeutic option for triple-negative breast cancer as well as for the prevention of breast and ovarian cancer, particularly for *BRCA1*-promoter methylation carriers.
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*SNCG*

:   γ synuclein

*BRCA1*

:   BRCA1 DNA repair associated

*TETs*

:   ten-eleven translocations

DNMTs

:   DNA methyltransferases

5′-aza-CdR

:   5-aza-2′-deoxycytidine

![Effect of curcumin on the proliferation of HCC-38, UACC-3199, and T47D cell lines. Representative graphs comparing the rate of proliferation over a total period of 6 days for the (A) HCC-38, (B) UACC-3199 and (C) T47D cell lines when incubated with DMSO (red line), 5 µM curcumin (green line) and 10 µM curcumin (blue line). DMSO, dimethyl sulfoxide.](OR-43-03-0827-g00){#f1-or-43-03-0827}

###### 

Curcumin induces the expression of *BRCA1* in HCC-38 and UACC-3199 cells. The cells were treated with 5 and 10 µM curcumin for 6 days, and the effects of curcumin on *BRCA1* mRNA and protein expression in (A and C) HCC-38 and (B and D) UACC-3199 cells, respectively, are shown. (E) Effect of curcumin-free media on the expression of BRCA1 protein in HCC-38 cells. (F and G) MSP analysis of *BRCA1* promoter methylation. M, only the methylated bands are shown. (H and I) Methylation plots for the *BRCA1* promoter as determined by bisulfite pyrosequencing assay. Black lines represent values for control DMSO-treated cells, and red lines represent 10 µM curcumin-treated cells. Numbers represent CpG sites relative to the transcription start site. (J-M) Cells were treated with 5 µM 5′-aza-CdR for 48 h. Effect of 5′-aza-CdR on *BRCA1* mRNA and protein expression in (J and L) HCC-38 and (K and M) UACC-3199 cells, respectively. \*\*P\<0.01, vs. the control. Error bars represent the mean ± SD. *BRCA1*, BRCA1 DNA repair associated; DMSO, dimethyl sulfoxide; 5′-aza-CdR, 5-aza-2′-deoxycytidine; Cur, curcumin.
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![Pyrosequencing analysis of *BRCA1* promoter methylation in HCC-38 and UACC-3199 cells. (A) Schematic representation of the *BRCA1* CpG island. Vertical arrows indicate the transcription start sites and directions. Horizontal arrows represent forward and reversed MSP primers. Black circles indicate methylated CpG sites. A red circle marks the −379 CpG site. The red line indicates the binding site of the CTCF transcription factor. The numbers refer to the positions of the CpG sites relative to the *BRCA1* transcription start site. (B-E) Levels of methylation of CpG sites along the *BRCA1* promoter region measured by bisulfite pyrosequencing assay from (B) HCC-38 cells treated with 10 µM curcumin for 6 days, (C and E) HCC-38 cells treated with 5 µM 5′-aza-CdR for 48 h, and (D) UACC-3199 cells treated with 10 µM curcumin for 6 days. Black lines represent values for control DMSO-treated cells, and red lines represent treated cells. *BRCA1*, BRCA1 DNA repair associated; DMSO, dimethyl sulfoxide; 5′-aza-CdR, 5-aza-2′-deoxycytidine; Cur, curcumin.](OR-43-03-0827-g03){#f3-or-43-03-0827}

![Effect of curcumin and 5′-aza-CdR on the expression of TET1, DNMTs, and miR-29b in HCC-38 cells. The cells were treated with 5 and 10 µM curcumin for 6 days, and with 5 µM 5′-aza-CdR for 48 h. (A) Effect of curcumin on TET1 mRNA expression. (B-E) Western blots for the expression of TET1, DNMT1, DNMT3a, and DNMT3b, respectively, in curcumin-treated cells. (F) Effect of 5′-aza-CdR on TET1 mRNA expression. (G and H) Western blots for the expression of TET1 and DNMT1, respectively, in 5′-aza-CdR-treated cells. (I and J) Effect of curcumin and 5′-aza-CdR on miR-29b expression, respectively. (K) Basal expression of TET1 and miR-29b in control HCC-38 cells. \*P\<0.05 and \*\*P\<0.01, vs. the control. Error bars represent the mean ± SD. TET1, ten-eleven translocation 1; DNMTs, DNA methyltransferases; DMSO, dimethyl sulfoxide; 5′-aza-CdR, 5-aza-2′-deoxycytidine; Cur, curcumin.](OR-43-03-0827-g04){#f4-or-43-03-0827}

![Curcumin suppresses the expression of *SNCG* in T47D and HCC-38 cell lines. The cells were treated with 5 and 10 µM curcumin for 6 days. (A and B) Effect of curcumin on *SNCG* mRNA and SNCG protein expression in T47D cells, respectively. (C) Effect of curcumin-free media on the expression of SNCG protein in T47D cells. (D) MSP analysis of *SNCG* promoter methylation in T47D cells. M, methylated bands; U, unmethylated bands. (E and F) Effect of curcumin on *SNCG* mRNA and SNCG protein expression in HCC-38 cells, respectively. \*\*P\<0.01, vs. the control. Error bars represent the mean ± SD. SNCG, γ synuclein; Cur, curcumin; DMSO, dimethyl sulfoxide.](OR-43-03-0827-g05){#f5-or-43-03-0827}

![Effect of curcumin on the expression of TET1, DNMTs and miR-29b in T47D cells. The cells were treated with 5 and 10 µM curcumin for 6 days. (A) Effect of curcumin on TET1 mRNA expression. (B and C) Western blots for TET1, DNMT1, DNMT3a, and DNMT3b, respectively. (D) Effect of curcumin on miR-29b expression. (E) Basal expression of TET1 and miR-29b in control T47D cells. \*\*P\<0.01, vs. the control. Error bars represent the mean ± SD. TET1, ten-eleven translocation 1; DNMTs, DNA methyltransferases; DMSO, dimethyl sulfoxide; Cur, curcumin.](OR-43-03-0827-g06){#f6-or-43-03-0827}

![Diagram summarizing the effects of curcumin on the expression of BRCA1 and SNCG in HCC-38 and T47D cells. BRCA1, BRCA1 DNA repair associated; SNCG, γ synuclein; TET1, ten-eleven translocation 1; DNMT, DNA methyltransferase.](OR-43-03-0827-g07){#f7-or-43-03-0827}

###### 

Real-time and MSP PCR primers.

  Primers    Sequence                                        Annealing temperature (°C)
  ---------- ----------------------------------------------- ----------------------------
  BRCA1      F 5′-TGTAGGCTCCTTTTGGTTATATCATTC-3′             59
             R 5′-CATGCTGAAACTTCTCAACCAGAA-3′                
  SNCG       F 5′-GGAGGACTTGAGGCCATCTG-3′                    60
             R 5′-CTCCTCTGCCACTTCTCTTTTC-3′                  
  TET1       F 5′-CCCGGGCTCCAAAGTTGTG-3′                     59
             R 5′-GCAGGAAACAGAGTCATTGGTCCT-3′                
  GAPDH      F 5′-TTCAACGGCACAGTCAAGG-3′                     60
             R 5′-CTCAGCACCAGCATCACC-3′                      
  M. BRCA1   F 5′-GGTTAATTTAGAGTTTCGAGAGACG-3′               65
             R 5′-TCAACGAACTCACGCCGCGCAATCG-3′               
  U. BRCA1   F 5′-GGTTAATTTAGAGTTTTGAGAGATG-3′               65
             R 5′-TCAACAAACTCACACCACACAATCA-3′               
  M. SNCG    F 5′-TCGTATTAATATTTTATCGGCGT-3′                 60
             R 5′-CCGCACCCACCACGCCCTCCTTAACGA-3′             
  U. SNCG    F 5′-TTGGTGTTAATAGGAGGTATTGGGGATAGTTGTTGTG-3′   59
             R 5′-CACACCCACCACACCCTCCTTAACAAT-3′             

MSP, methylation-specific PCR; BRCA1, BRCA1 DNA repair associated; SNCG, γ synuclein; TET1, ten-eleven translocation 1; F, forward; R, reverse; M, methylated; U, unmethylated.
